Multiple sclerosis (MS) is an inflammatory demyelinating disorder of the central nervous system. Gender influences both susceptibility to MS, with the disease being more common in women, and the clinical course of disease, with an increased proportion of males developing the primary progressive form of the disease. The basis for these differences may include genetic and immunological factors, and the immunological differences between men and women may be influenced by the effects of the sex hormones. Over several years we have collected blood from MS patients and controls, and measured T-cell responses to myelin proteolipid protein (PLP) and myelin basic protein (MBP) and have shown increased responses to PLP in MS patients compared to healthy controls and patients with other neurological diseases. In the present study we analyzed data from over 500 individuals, to determine whether there are differences between males and females in their responses to PLP and MBP. We found that there was higher frequency of increased T-cell reactivity to immunodominant PLP peptides in women than in men, particularly in non-MS individuals. We suggest that this may be relevant to the higher prevalence of MS in women.
Introduction
Many studies have shown that potentially autoreactive T and B cells can be found in the blood of healthy individuals [1, 2, 3, 4, 5, 6, 7, 8 and 9] . It is thought that these cells are kept in check by peripheral tolerance mechanisms, and that people who are susceptible to autoimmunity might have defects in these tolerance mechanisms, allowing the activation of the autoreactive cells and the development of pathogenic autoreactivity [10, 11, 12, 13 and 14] . Autoreactive T cells and antibodies directed against central nervous system (CNS) antigens, particularly the components of myelin or oligodendrocytes [15, 16 and 17] , have been implicated in the pathogenesis of multiple sclerosis (MS), a relatively common disorder causing significant neurological disability [18] . MS frequently affects young adults causing diverse neurological symptoms and signs including visual impairment, weakness and numbness, loss of balance and bladder disturbance [19] .
We and others have found significantly increased T-cell reactivity to myelin proteolipid protein (PLP) [5, 20, 21, 22 and 23] in patients with MS compared to controls and compared to patients with other neurological disorders. In addition, we have shown that surges in the frequency of circulating T cells specific for PLP correlates with inflammatory CNS disease activity assessed by magnetic resonance imaging (MRI) in some MS patients [5] . There are also reports of increased T-cell reactivity to myelin basic protein (MBP) [24, 25 and 26] , although we and others have not been able to confirm this [9, 20, 27 and 28] , and to myelin oligodendrocyte glycoprotein (MOG) [28] . We and others have also found increased T-or Bcell reactivity to gangliosides [29, 30, 31 and 32] .
It is generally found that MS is more prevalent in females than in males, with a ratio of approximately 2:1. Our studies have been carried out in Queensland, Australia, where a detailed prevalence study of 420 MS subjects showed the ratio of females to males was 2.30:1 [33] . As MS is thought to be an autoimmune disease, it is possible that the effects of gender on MS reflect differences in immune function. Indeed, many autoimmune diseases other than MS are more prevalent in women than in men. Using blood from MS patients and controls, we have performed studies of reactivity of T cells to MBP and PLP over a number of years, with the same two people performing the assays, using the same antigens and the same techniques. Because of the interest in possible gender differences in the immune response, we have analyzed our data from over 500 subjects on human T-cell responses to MBP and PLP with respect to gender, and show that increased T-cell reactivity to PLP is more frequent in women than in men, particularly in people who do not have MS. If PLP is indeed a target of pathogenic T cells and antibodies in MS, then this finding might be relevant to the higher prevalence of MS in women.
GBS. Within the 9 year timeframe, two distinct groups, each containing MS patients and healthy controls, were recruited (Group 1 and Group 2), and the results are presented for these groups both individually and as a whole for PLP. For MBP, reactivity in the two groups was almost identical, and therefore the results for the whole group only are shown. The patients with other non-immune-mediated CNS disease were mostly recruited at the same time as the MS and healthy control subjects in Group 1. Patients with other non-immune peripheral neuropathies or with GBS were mostly recruited at the same time as the MS and healthy control subjects in Group 2.
T-cell proliferation
All T-cell proliferation studies have been performed by the same two people (JMG and PAC), with no alterations in the methods. The T-cell proliferation assays were performed using established techniques on fresh peripheral blood mononuclear cells (PBMC), as previously described [20] . Briefly, PBMC were separated from heparinized blood by centrifugation through histopaque (Sigma Chemical Co, St Louis, USA) and washed twice. The in vitro responses of PBMC were assayed in triplicate or quadruplicate in 96-well round-bottomed microtitre plates. One hundred and fifty thousand PBMC and medium (RPMI 1640 containing 10% heat-inactivated pooled human serum, 2 mM -glutamine, 10 mM HEPES buffer and 50 M 2-mercaptoethanol) with or without peptides were added to wells in a total volume of 200 l. PLP peptides 184-199 (QSIAFPSKTSASIGSL) and 190-209 (SKTSASIGSLCADARMYGVL) were synthesized by Auspep (Melbourne, Australia) according to the human sequence of PLP and were >95% pure. Whole MBP was prepared from human brain tissue according to the method of Deibler et al. [35] . MBP peptide 82-100 (DENPVVHFFKNIVTPRTPP-numbered according to the sequence of the 18.5 kDa isoform of human MBP) was synthesized at the Queensland Institute of Medical Research (Brisbane, Australia) and was >90% pure. Cultures were incubated for 6 days, with 0.5 Ci [
3 H]-thymidine being added during the last 18 h. Cultures were harvested and thymidine uptake was measured in cpm (counts per min) in a -plate counter (LKB). Stimulation indices (SI) were determined by the formula: SI=(mean counts per min of peptide-containing wells)/(mean counts per min of control wells without peptide).
Statistical analyses
Chi-square analysis was used to compare the frequencies of patients and controls responding to antigens with SI≥2.0 and SI≥3.0. Yates' correction was applied when the number of positive samples in any test was 5 or less. Odds ratios (OR) and 95% confidence intervals (CI) of the OR for frequencies of responders in various groups were also calculated.
Results

Reactivity to PLP peptides is increased in MS patients compared to controls
Previously we and others have shown that peptides PLP184-199 and PLP190-209 are immunodominant epitopes of PLP in human subjects [20 and 36] . Furthermore, these peptides are promiscuous in their ability to bind to a variety of MHC class II molecules, including those most commonly found in Caucasian populations (HLA DR2, DR3, DR4, DR5, DR6 and DR7). Thus, these peptides have the potential to be presented by HLA molecules found in most of the individuals included in this study. Table 1shows the reactivity to these PLP peptides by the different cohorts of subjects. The percentage of MS patients in Group 1 responding with a SI≥3.0 to the PLP peptides (28.0%) was significantly greater than the percentages of Group 1 healthy controls (6.8%; P=0.0005) or patients with non-immune CNS diseases (11.1%; P=0.007) ( Table 1) . In Group 2, the second cohort of MS patients tested for reactivity to PLP peptides, there is a similar pattern of responses as in Group 1, with an increase in the frequencies of MS patients responding to PLP184-199 or PLP190-209 with a SI≥3.0 (16.8%) compared to healthy controls (7.1%; P=0.05) and patients with non-immunemediatedperipheral neuropathies (0%; P=0.01). However, in Group 2, the frequency of responders in the MS group was decreased compared to responders in Group 1. Since MS patients in Group 1 and Group 2 represented two distinct patient sets, we investigated possible reasons for the reduced responses in Group 2. We have previously reported that the proportion of MS patients making increased T-cell responses to PLP184-199 and PLP190-209 is low in the early stages of MS (duration <6 years) and in patients who have had MS for more than 20 years, whereas more patients who have had MS for between 6-20 years have increased reactivity to these PLP peptides [20] . When the groups were analyzed according to disease duration, the highest percentages of responders were found in the groups of patients who had had MS for 10-20 years, and the lowest percentages of responders were those individuals who had had MS for <2 years or >20 years ( Fig. 1) . When analyzed in this manner, the percentage of patients in Group 2 who had had MS for <2 years or >20 years and responded with an SI≥2.0 to PLP peptides was significantly less than the percentage of patients with the same disease duration from Group 1 (P=0.044), but there were no significant group differences between the results for patients with other disease durations or for the percentages of patients responding with an SI≥3.0. Table 1 . Reactivity to PLP184-199 or PLP190-209 in patients with MS or control groups Fig. 1 . Effect of disease duration on T-cell reactivity to immunodominant PLP peptides in patients with MS. Apart from the SI≥2.0 response by patients in Group 2 with disease duration of <2 or >20 years (*), which was significantly decreased compared to the response by the corresponding population in Group 1 (P=0.044), there were no statistically significant differences between the two groups.
More non-MS females than males respond to PLP peptides
In healthy subjects and patients with neurological diseases other than MS, there was a trend in each group, except for GBS, for greater percentages of females than males to respond with SI≥2.0 or ≥3.0 to PLP peptides, as indicated by increased ratios of the percentages of female to male responders (Table 1) In the MS patients, there were no significant differences between males and females for reactivity to PLP peptides, although the ratio of female to male responders at SI≥2.0 and SI≥3.0 was increased in Group 2 compared to Group 1. This may be due to the fact that nearly 50% of the males in Group 2 had had MS for <2 years or >20 years, compared to 26% of females. Since MS patients in this duration group were low responders to PLP, this may have artificially elevated the ratio of female to male responders. When all subjects (MS and non-MS) were grouped together there was increased T-cell reactivity to PLP in females (n=301) compared to males (n=215), which was significant both for SI≥2.0 (34.2% vs 21.9%; OR=1.9[1.2-2.8]; P=0.003), and SI≥3.0 (14.6% vs 8.4%; OR=1.9[1.1-3.3]; P=0.031). The P values for comparisons between the different cohorts of subjects in response to PLP are given in Table 2 . Table 2 . P values for comparison of reactivity to PLP and MBP between female and male MS patients and control subjects Because differences betweens females and males were observed, and since MS most commonly develops between the ages of 15-55 years, we therefore analysed the results according to the ages of the individuals (≤55 years or >55 years of age). For females with MS, there were no differences in the percentages in each age group responding with an SI≥2.0 to the PLP peptides (Fig. 2) ; however, in the non-MS females, a higher percentage of younger women (30.2%) than older women (19.2%) responded with an SI≥2.0 to the PLP peptides, although this difference did not reach statistical significance. There were no differences between the different age groups for males with or without MS (Fig. 2) . 
Females and males show no differences in reactivity to MBP
Reactivity of healthy controls and patients with either MS or other neurological diseases to the whole MBP protein or to the immunodominant epitope of human MBP (MBP82-100) was analysed in the same way as for PLP. Except when all neurological diseases other than MS were grouped together, where males showed a slight increase in percentages of responses compared to females (P=0.042), there were no significant differences in the proportions of male and female subjects responding to MBP or MBP82-100 in the different groups, or when all female subjects were compared to all male subjects at SI≥2.0 (OR=0.8[0.6-1.2]; P=0.309) or SI≥3.0 (OR=1.0[0.7-1.6]; P=0.863) ( Table 3 ). As we have observed previously [9 and 20] , there were no significant differences in reactivity to MBP or MBP82-100 between healthy controls and patients with MS; however, the percentage of patients with neurological disorders other than MS who responded to MBP or MBP82-100 with SI≥3.0 (14.4%) was significantly lower than the percentage of healthy controls (29.3%; P=0.001). The P values for comparisons between the different cohorts of subjects in response to MBP or MBP82-100 are given in Table 2 . Table 3 . Reactivity to MBP or MBP82-100 in patients with MS or control groups
Discussion
The present study confirms our previous findings of increased T-cell reactivity to immunodominant PLP peptides in MS patients compared to controls, and decreased T-cell reactivity to MBP in patients with other neurological disorders compared to healthy subjects [20] . Our present study also shows that, in our total group of 516 subjects, a higher proportion of females than males have increased T-cell reactivity to immunodominant PLP peptides. In particular, there is a highly significant increase in the frequency of females compared to males responding with SI≥2.0 to the PLP peptides. Interestingly, the female:male odds ratios for non-MS individuals for reactivity to immunodominant PLP peptides with SI≥2.0 are close to the observed MS prevalence female:male ratio for the same geographic area [33] . Our findings are consistent with recent work by Pelfrey et al. [23] , who showed that there were significant differences in the responses of males and females in IFN-responses to peptides of PLP in a small cohort (22 male and 22 female) of patients with MS.
It is unclear why more women than men show increased T-cell reactivity to immunodominant PLP peptides. One possibility is that women might show increased T-cell reactivity to all antigens. There is evidence of qualitative and quantitative differences in the immune responses of males and females, with females having a greater Th1 response (determined by testing the ability of mice to respond to infection with Leishmania major, which requires a Th1 response) than males [37] . This difference was thought to be mediated by hormones, because castration of males and testosterone treatment of females modified the responses. In mice, after immunization, females show greater production of the Th1 cytokine IFN-than males [38] . Expression of the IFN-gene appears to be directly affected by sex hormones, as the sex steroid 17 beta-estradiol markedly increases activity of the IFN-promoter in lymphoid cells that express the appropriate hormone receptor, and can augment the effect of T-cell-activating agents [39] . Furthermore, there is some evidence that females have more active immune responses than males, with females producing more active lymphocyte responses to alloantigens in the mixed lymphocyte reaction (MLR) [40] , having elevated immunoglobulin levels compared to men [41] and an elevated CD4/CD8 T-cell ratio in peripheral blood [42] . Thus, there are differences between the male and female immune systems. However, in our study there was no female predominance in responses to MBP, suggesting that there may be a specific sexual dimorphism in the responses to PLP.
Other possible explanations for a gender effect in T-cell responsiveness to PLP may be related to the presence of the gene for PLP on the X chromosome [43 and 44] , or to the effects of sex hormones on expression of DM20, an alternatively spliced isoform of PLP, in thymic epithelial cells [45] . Gender-based differences in expression of DM20 in the thymus might allow shaping of the immune repertoire and differentially influence survival of PLPreactive T cells in males and females. Although there have been no experiments directly addressing the question of whether DM20 is differentially expressed in thymic epithelial cells of males and females, it is known that sex-hormone receptors are present on thymic cells [46] and that expression of myelin proteins in various tissues can be affected by the action of sex hormones [47] .
The only group of non-MS subjects that did not show female preponderance of T-cell reactivity to PLP was the group of subjects with GBS. This is of interest because GBS is a disorder that is reportedly more common in males than females [48] . Furthermore, GBS is thought to be an autoimmune disorder, and presumably patients develop GBS because they have T cell or antibody reactivity to an antigen important in GBS. Thus these patients might be expected to behave differently from MS patients and controls.
If T-cell reactivity to PLP plays a role in the pathogenesis of MS [5 and 20] , the increased proportion of women with increased T-cell reactivity to immunodominant PLP peptides could partly explain why women are more likely to develop MS than men. Clearly the presence of these cells in healthy normal subjects is not sufficient to cause MS. It has been shown that a substantial proportion of PLP-reactive cells in healthy individuals are CD45RO + memory T cells, suggesting that they can be activated in vivo without resulting in clinical disease [49] . In patients with MS, there was less difference in the proportion of female and males subjects with increased T-cell reactivity to PLP peptides than in controls. It might be that MS subjects, whether male or female, are selected by their ability to react with immunodominant PLP peptides. We found that some patients with MS do not show increased T-cell reactivity to these peptides. This could be because some subjects have an immune response to other antigens, or because T-cell reactivity to immunodominant PLP peptides fluctuates with time [5] .
It has also been shown that some autoimmune processes are protective. In MS, it has been suggested that disease might even result from a lack of protective autoimmunity [50] . Therefore, another possible significance of the difference in PLP-reactive T-cell reactivity between men and women is that the presence of PLP-specific T cells may assist in the protection from disease and that the relative lack of such cells in males might lead to the greater prevalence of primary progressive MS in males [51] . Such sexual dimorphism in the outcome of disease has been shown in rats, where adult female rats recovered better than males from spinal cord injury. This effect was reported to be mediated by T cells [52] .
In contrast to PLP, we found no differences between MS patients and healthy controls with respect to reactivity to MBP, and no differences between females and males. It has previously been shown that MBP-specific T cells found in healthy controls are only rarely found to be CD45RO + , whereas most MBP-specific T cells in MS patients are CD45RO + [53] . In addition, MBP-specific T cells from MS patients are reported to require less co-stimulation than MBPspecific T cells from controls [54 and 55] . Thus, although absolute differences in MBPspecific responses between MS and healthy controls were not observed, there may be qualitative differences in these responses.
In summary we have shown that females are more likely than males to have increased T-cell reactivity to immunodominant PLP peptides and suggest that this difference might be relevant to the greater susceptibility of females to MS.
